Environmental problems related to wetlands have attracted strong concern around the world during past decades. Mobile mechanisms of many kinds have been developed to satisfy demands of environmental investigation of wetlands. However, few researchers have studied spiral propulsion mechanisms. Our previous work showed that the spiral can move forward between gaps of plants, giving only very slight damage to plants. It is introduced to be used to carry measurement devices in wetlands when investigating the current state of wetlands. This paper addresses the development and performance analysis of spiral driving units, which rotate the spiral by gripping its circumference and moving it forward or backward. A method to analyze the attitude angle and traveling distance of the spiral without a center axle is proposed. The kinematic relations between the driving unit and spiral are established on the premise of data from a motion capture system. Experimental results for driving units of two kinds are discussed, with emphasis on attitude stability, technical feasibility, and repeatability. Results show that the proposed driving units can drive the spiral to rotate forward along the desired direction as expected.
Introduction
Along with rapid economic development, distribution areas of wetlands have been decreasing gradually during recent years throughout the world, thereby creating anthropogenic impacts and domestic waste (Silvius, et al., 2000, Liang and Zhang, 2011) . Wetland conservation and restoration projects have started (Whigham, 1999 , Seto and Fragkias, 2007 , Schleupner and Schneider, 2010 , Withey and van Kooten, 2011 . Investigation of the state of wetlands and their degradation trends are critical to the project. Close-in investigations such as assessments of water quality and biomass of emergent plants cannot be accomplished based on satellite image information. Therefore, the most important challenge for field investigations is the development of locomotion mechanisms to carry measurement devices and to move on such uneven terrain.
Mobile robots in rough and unstructured terrain have represented an important trend of past decades. Unstructured environments are often harsh, dangerous, or inaccessible to humans. Therefore, they motivate the use of robotic systems. Traditionally, wheeled robots or mechanisms are widely used in many situations, particularly in uneven terrain (Thueer and Siegwart, 2010 , Vijay, et al., 2010 , Pijuan, et al., 2012 ). An alternative to locomotion in rough terrain is walking robots and vehicles with legs in spite of the two major inherent shortcomings of complexity of control and high energy consumption (Estremera, et al., 2010 , Loc, et al., 2011 . A compromise can be made between standard wheeled vehicles and vehicles with legs (Guccione and Muscato, 2003) . The use of tracked vehicles provides important traction capacity on slopes, but it causes damage to plants and more irregular motion of the vehicle than those of wheeled vehicles (Lee, et al., 2003 , Wakabayashi, et al., 2009 . Other reports in the literature describe robotics in irregular terrain, but few reports describe propulsion mechanisms based on a spiral.
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Double spiral propulsion mechanism and driving unit
First, the structure and moving procedure of a double spiral propulsion (DSP) mechanism are reviewed. Then the driving unit structure is presented. It rotates the spiral without the center axle in the expected direction with a stable attitude.
Review of a DSP mechanism
A DSP mechanism (Liu, et al., 2010 (Liu, et al., , 2011 consists of a platform, manipulators, and spirals, as shown in Fig. 1 . Manipulators of two kinds are used: a supporting manipulator (SM) and a driving manipulator (DM). The SMs are used to support the carrier when spirals are grasped and derived to rotate forward. The DMs are used to grip the spiral and drive the spiral to rotate forward. All manipulators on the right and left sides of the platform as viewed toward the moving direction and are numbered sequentially from DM1 to DM2 and from SM1 to SM4, respectively. One group of SM1, DM1, and SM2 connects the carrier and two spirals on the right side. The other group includes SM3, DM2, and SM4 for left two spirals symmetrically. Two spirals in a group align on a central axis and mesh to each other. On each matched pair of spirals, the left spirals run clockwise. The right spirals run counter-clockwise. The total mechanism is called a DSP mechanism.
A spiral motion sequence is shown in Fig. 1(b) . Because of symmetry of the spirals, only the left side is shown. The supporting spiral Sb remains static to support the platform during the first step (a). Then the moving spiral Sa is lifted up by the grasper to reduce the frictional force between the spiral and the ground in step (b). Next, the spiral is rotated in the moving direction for a distance of one pitch during step (c). Finally, the rotated spiral is placed on the ground. The spiral used in this study has no center axle. Therefore, the circumferential pipe of the spiral is the only place that can be manipulated. To rotate the spiral around its center axis, a driving device is necessary to grip the circumferential pipe and feed it in the tangent direction. The physical configuration and main dimensions are given in Fig. 2 . This mechanism is named a grasper. The grasper consists of a rotation unit, a linear motion unit, a guide pulley, and a frame. The rotation unit consists of a geared motor (DC-Motor 380-75; Tamiya Inc.), transmitting gears, and a drive pulley. The linear motion unit, with a range of movement of 55 mm, consists of servo-motor (RS405CB; Futaba Corp.), linear guides, and a rack-pinion connected with the rotation unit, as shown in Fig. 2(a) and 2(b) . The linear motion unit is used to hold the spiral tightly between the drive pulley and the guide pulleys, which are made of aluminum alloy. All the drive pulley and guide pulleys are designed to be U-shaped to prevent the spiral from swinging around, as shown in Fig. 2(c) . The drive pulley is driven by the geared motor. The inner surface of the drive pulley is covered with single-sided sponge tape (EPDM sponge; 2 mm in thickness) to increase the friction force. The other two pulleys rotate freely.
Mechanism of grasper
Three pulleys are fitted on an inverted triangular structure to grip the pipe from top to bottom vertically and tightly, as shown in Fig. 3 (a) . The vertical distance between the driving pulley and guide pulleys is 47.5 mm when the spiral is gripped tightly. The maximum vertical distance between them should be greater than 78.1 mm to get enough space for the grasper to grip the pipe of the spiral, as shown in Fig. 3 (b) . Considering the dimensional allowance, the adjustable range of linear motion unit is set to 43-98 mm. Considering the diameter and pitch of the spiral, the distance between the two guide pulleys is set as 110 mm, as shown in Fig. 3 .
To feed the smooth rotation of the spiral, all three pulleys are aligned along the shape of the spiral. The position of the grasper must be located over the center axis of the spiral. The leader angle of the arc between the two guide pulleys Liu, Hanajima, Kawauchi, Kazama and Kajiwara, Mechanical Engineering Journal, Vol.1, No.4 (2014) [DOI: 10.1299/mej.2014dr0035] © 2014 The Japan Society of Mechanical Engineers is 11.42, as shown in Fig. 4 . Therefore, before gripping a spiral, the angle of the grasper should be aligned to the leader angle. Then the rotation unit is moved down by the linear motion unit. The spiral pipe is held by the U-shaped pulleys. The spiral can be driven by the friction force between the pipe of the spiral and the drive pulley.
Single grasper model and double grasper model
One of the remarkable properties of the circumference drive method is that one or more graspers can be installed in one driving unit.
The simplest driving unit consists of one grasper. It is named a Single-Grasper (SG). If the grasper grips a place on one side of the spiral and then lifts it, then a certain place on the other side can maintain contact with the ground because of the gravitational imbalance. The whole spiral can be detached from the ground while maintaining balance if the gripping place is close to the center of gravity of the spiral. Therefore, the attitude angle changes in accordance with the position of gripping place on the spiral.
The driving unit consisting of two graspers is designated as a Double-Grasper (DG), as shown in Fig. 5 . It can avoid friction with the ground because the spiral is lifted up in the air. The two graspers are installed under the beam with same distance as a pitch of spiral. One of the two graspers is allowed to maintain the spiral movement in the expected direction.
Kinematics analysis of the spiral and driving unit
To analyze the motion of a spiral rotated by the proposed driving units, a kinematic model of the spiral and the driving unit are derived. Attitude angles, rotated angles, displacements, and so on are obtained. The method makes use of marker coordinates from a motion capture system. Liu, Hanajima, Kawauchi, Kazama and Kajiwara, Mechanical Engineering Journal, Vol.1, No.4 (2014) [DOI: 10.1299/mej.2014dr0035] © 2014 The Japan Society of Mechanical Engineers
Definition and transformations of coordinate frames
The position vector of P with respect to O S -X S Y S Z S is represented as follows.
Therein, r 1 , , and p respectively denote the inside radius of the spiral, twist angle of point P, and pitch of the spiral,. Notations and respectively stand for sin(x) and cos(x). The position vector of the point P with respect to O GR -X GR Y GR Z GR is expressed as shown below.
In that equation 
In the equation, , , , , and , respectively denote the rotation about the Y GR -axis by the angle of , the Z GR -axis by angle of , and the X GR -axis by angle of . The angles and represent the spiral attitude. Point P with respect to O G -X G Y G Z G is expressed by the position vector as follows.
In that equation,
Combining Eqs. (2) and (4), can be expressed as shown below. 
In that equation, is the twist angle corresponding to point . It is noteworthy that in the DG model, the value of is related with the driving grasper among two graspers. The position vector of the point with respect to O G -X G Y G Z G is expressed as shown below.
Each element of is derived in §3.3.
Analysis of the spiral motion
The motions of the spiral and the driving unit are measured using the motion capture system, as explained in §4. It can measure the global position of markers in O G -X G Y G Z G every 0.1 s. Three markers are fixed on the spiral and two markers on the driving unit, denoted with the symbol "M" in Fig. 6 and 7.
The locations of markers M1, M2, and M3, are chosen from points on the spiral where are 0, π, and 6π in Eq. (1) respectively, as shown in Fig. 6 (b) . The line from M1 to M3 is parallel to axis of the spiral. Y S -axis is defined by Midpoint1 (Midpoint between M1 and M2) and Midpoint 2 (Midpoint between M2 and M3). The line perpendicular to Y S -axis and through M1 is defined as the X S -axis. The intersection point is origin O S of the coordinate. In addition, the Z S -axis is defined as perpendicular to the X S Y S -plane according to the right-hand rule.
Attitude angles, rotated angle, and twist angle of the spiral
Suppose that the coordinates of markers with respect to O G -X G Y G Z G are, respectively, 1 , 2 and 3 , as Liu, Hanajima, Kawauchi, Kazama and Kajiwara, Mechanical Engineering Journal, Vol.1, No.4 (2014) [ 
From Eqs. (5) and (9), the following equation can be inferred.
Combining Eqs. (3) , (8), and (10), the attitude angles can be obtained as shown below. 
In the same way, the following equation can be deduced.
Combining Eqs. (3), (8), (9), and (13), the rotation angle α can be expressed as the following.
The rotated angle Ф of spiral along its axis can be defined by variation of .
Applying Eq. (5) to M1 , translation vector is the following.
Combining Eqs. (7) and (16), the following expression can be deduced.
Therefore, combining Eq. (6), the twist angle corresponding to point is calculated as shown below.
Displacement of the spiral
In this study, it is assumed that translational motion characteristics of the spiral are based on kinematic analysis of the center point of the spiral (CP), which is defined as the middle point of the center axis of the spiral. The position Liu, Hanajima, Kawauchi, Kazama and Kajiwara, Mechanical Engineering Journal, Vol.1, No.4 (2014) 
Therefore, the displacement of the spiral along the Y G -axis is obtained as the following. Figure 7 shows the relation between the spiral and the driving unit in our experimental setup to be explained in §4. The beams of driving units are connected rigidly with a cross girder. Both ends of the cross girder are fixed with respect to O G -X G Y G Z G . The cross girder is bent only slightly, but can have torsional deformation because of the imbalance of the spiral weight with the spiral motion. Two markers designated as M4 and M5 are installed respectively on the beam of the driving units and just above the two graspers. To represent the motion of M4 and M5, a new coordinate frame is defined as O F -X F Y F Z F , which is formed by parallel translation of O G -X G Y G Z G with the origin on the midpoint of M4 and M5. For the attitude of the driving unit, we define horizontal and vertical offset angles of the driving unit around the Z F -axis and X F -axis, which are designated respectively as 2 and 2 . The rotation matrix about 2 and 2 is represented as . 
Attitude of driving units
The coordinates of points of M4 and M5 with respect to O G -X G Y G Z G are defined respectively as follows. 
Therein, 45 is the distance between M4 and M5, and 4 is the perpendicular distance between M4 and . From Eqs. (23) and (24), is represented as the following.
Combining Eqs. (22)- (25) 
is used for the calculation of in Eq. (18). From Eqs. (22)- (24), 2 and 2 can be calculated as shown below. 
Experiment
The driving unit performance was examined using indoor experiments. Experimental setup. A camera is shown in this figure, with seven other cameras set on top of the lab at the same height. All the cameras are connected with a signal acquisition system. Marker 4 (M4) is set on top of Grasper 1, which is used as a driving grasper in both SG and DG models. Another Marker 5 (M5), hidden by the cross girder is set on top of Grasper 2, which is used as the holding grasper in the DG model. The driving unit orientation was aligned to the coordinate frame of the motion capture system O G -X G Y G Z G , which is also defined as the globe coordinate frame.
contact point P gp between the spiral and the grasper is located at 600 mm. Measurement of the markers' positions are performed based on a motion capture system (Cortex3.0; Motion Analysis Corp.), which is a system for handling all phases of motion capture within a single program, such as initial setup, calibration, tracking, and post processing with a high degree of accuracy and precision. There are eight cameras used in experiments. The driving unit orientation was aligned to the coordinate frame of the motion capture system O G -
For comparison, one of the two graspers rotated the spiral during DG experiments. The other grasper simply held it for the guiding direction. In SG experiments, the holding grasper was removed from the beam. All the markers and other setup for SG are the same as DG. Both SG and DG were tested six times (forward and backward each three times). After measuring the marker coordinates, we applied the analytical method derived in §3 to the obtained data.
The moving directional controllability of driving units was analyzed in terms of vertical offset angle β in Y G Z G -plane and horizontal offset angle γ in X G Y G -plane of the spiral. The offset angles of β 2 and γ 2 of the beam of the driving unit were derived with respect to O G -X G Y G Z G . To explain the technical feasibility of the driving unit, displacement L was presented in the Y G -axis.
Results and discussion
We present the results of the SG model, and then the DG model. In the following figures, FW and BK respectively denote forward and backward. FW is the direction in which decreases; BK is the opposite direction. A number after FW or BK represents the trial ordinal number. The positive values of L represent the forward direction. The use of for the horizontal axis in figures is convenient to represent a relative position of the spiral with respect to the driving unit. The range of is from 0-1224 because the rolling number n equals 3.4. Considering the position of M2 and M3, the theoretical variable ranges of are 180-1080° for SG and 180-720° for DG.
SG model 5.1.1 Deviation from the expected moving direction
(1) Vertical offset angle β of the spiral
The relation between vertical offset angle β and the twist angle is shown in Fig. 9 . Here, β varies from -30 to 20. However, the grasper does not drop the spiral and rotates it forward and backward. The curves of β show the very similar shape and the same turning points. The whole process is divided into seven stages from T1 to T7. For the sake of simplicity, we explain the backward procedure as an example. Figure 10 shows the motion diagram of SG from T1 to T4. In the first stage T1, the leading part of spiral is gripped on (about 215°) by the grasper at P gp. The back part of the spiral contacts with the ground at P SC . Therefore, the spiral is inclined by β 0 . However, the distance from P SC to P gp is constant. The offset angle β is also constant, as shown in Fig. 9-T1 and Fig. 10 (1) . Fig. 9 Vertical offset angle β in Y G Z G -plane for SG. β variation at the changing of twist angle θ gp of the gripping point are plotted with the solid (blue, red, green) and dashed (blue, red, green) lines, respectively, for forward and backward experimental results. The value of θ gp decreases from about 900 to 200 when the spiral moves forward, and reverse for backward motion. The whole process is divided into seven stages from T1 to T7.
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When the back end of the spiral approaches and reaches P SC , it turns to stage T2. In this stage, the back end of the spiral is always in contact with the ground. However, the position of P SC changes with the spiral rotation until another point contacts the ground, as shown in Fig. 9-T2 and Fig. 10  (3) . The back end of spiral lifts off the ground. During stage T2, offset angle β decreases gradually from -11° to -27°.
Subsequently, it enters stage T3, as shown in Fig. 9 -T3 and Fig. 10 (4) . The situation of stage T3 is similar to that of stage T1. Therefore, the offset angle β remains constant at about -27°. While the spiral is rotating, P gp approaches the center point of the spiral. Then the balance between the leading part and the end part of spiral is maintained. The back end of spiral lifts off the ground when is about 460°. In stage T4, neither end of the spiral contacts the ground, as shown in Fig. 9-T4 and Figs. 10 (5)- (7). P gp moves gradually from the leading part to the trailing part. Therefore, offset angle β becomes larger until the leading part contacts with the ground when is about 710° and β is about 23°. After the leading part of the spiral contacts with the ground at P SC , the reverse process from stage T1 to T3 is repeated similarly from stage T5 and T7, as shown in Fig. 9 .
In light of the discussion above, the variation of β obtained by means of Eq. (11) in §3 agrees with the motion change of the spiral.
(2) Horizontal offset angle γ of spiral Figure 11 shows the offset angle γ for SG. In the ideal state, the horizontal offset angle γ is expected to be stationary. Viewed as a whole, it can be drawn that the curves of γ indicate flatness and good repeatability when varies in the range of 400°-700°. According to the discussion in §5.1.1, the range is designated as stage T4. The spiral does not receive contact force from the ground. In a stage other than T4, the graph of γ tends to vary because of rolling motion around the center axis of the spiral because of contact force from the ground. For stable driving with SG, it is preferred that the grasper hold around the middle part of the spiral.
(3) Offset angle β 2 and γ 2 of the driving unit No contacting point with ground
Transfer point from T2 to T3 β 1 P SC Fig. 10 Attitude of the spiral when moving backward.
The contact points on the ground with the spiral are denoted by P SC (red circle pie). The junction points between the dashed red line and the spiral stand for the gripping points on the spiral and named P gp .
[ First, because each value of γ 2 is almost constant at about 1.5 deg, we omit the graph because of space limitation. The offset angle β 2 is presented in Fig. 12 . It can be observed that each β 2 of SG varies no more than ±2°. Therefore, it can be inferred that the influence of deformation of the cross girder is small relative to variation of the spiral's vertical offset angle, β. In the SG case, because the spiral is doubly supported by the grasper and the ground in stages other than T4, severe torsional moment and deformation do not occur on the cross girder.
Technical feasibility about the driving units
Experimental results for moving displacement L of the spiral along the Y G -axis and the twist angle are shown in Fig. 13 . L is proportional to the rotated angle of the spiral theoretically if the attitude of the spiral is maintained and the spiral pitch is constant. The line is designated as ℎ = 2π ( | − | =0 ). Figure 13 shows that SG can rotate the spiral and produce displacements on the expected direction. The Lcurves are smooth with good repeatability. However, displacement L is less than ℎ with the changing of . As described in §5.1.1 (1) and (2), this fluctuation caused by the variation of the offset angles β and γ of the spiral. However, displacement L is close to ℎ when is around 600, which means that the driving unit is gripping the middle of the spiral. During this stage, offset angle β is extremely close to 0 and γ is remains stable at about 3.8. Therefore, the results also confirm that SG can be expected to hold around the middle part of the spiral for stable driving.
DG model 5.2.1 Deviation from the expected moving direction
(1) Vertical offset angle β of spiral
The relation between the vertical offset angle β and the gripping angle is shown in Fig. 14. The graph of β about DG is almost flat. The driving unit never lets the spiral loose or throws it on the ground. For that reason, the spiral is supported by two graspers, of which the positions and relations are maintained as constant. During 520 to 700 of as shown 'A', it is observed that the curves of β results to arc with first rose then descended. It is considered that the fluctuation can occur because of the slight deformation of the spiral. The deformation can cause incomplete holding at the pulleys of the graspers. Alternatively, an irregular radius of the coil shape can cause inclination of the M1 M2  M3  BK   T1 T2 T3  T4  T5 T6 (2) Horizontal offset angle γ of spiral Figure 15 shows the offset angle γ for DG. In the ideal state, the horizontal offset angle γ is expected to be stationary. The curves of γ about DG show good repeatibility and same change trend, but vary within the range of 0°-6°. The change trend resembles the graph of β. Therefore, it is regarded as attributable to the same reasons. (3) Offset angle β 2 and γ 2 of the driving units First, because each value of γ 2 is almost constant at about 1.4 deg, we omit the graph because of space limitations. The vertical offset angle β 2 is presented in Fig. 16 . It can be observed that each β 2 varies no more than ±2°. In the DG case, the graspers hold the spiral tightly in the air. When the spiral is suspended like a cantilever, the cross girder twists toward the β 2 direction. Therefore, it is observed that β 2 increases as increases. For 520-700 of , β 2 is small relative to variation of β. In the other range of , β 2 is same level as β. However both of them are quite small. Summarizing the discussion above, we can conclude that the influence of the deformation of the cross girder upon β and γ is negligible. 
Technical feasibility about the driving unit

Conclusion
This study developed and assessed spiral driving units for a DSP mechanism. The mechanism demands a stable rotation of the spiral without a center axle. The structure and model driving units of two kinds are proposed. To verify the driving units' performance, experiments were performed based on a motion capture system. The following conclusions are supported by the analysis, results, and discussions of this paper:
1) The developed driving units (SG and DG model) consisting of graspers with three U-sharp pulleys can rotate the spiral by gripping its circumference. The spiral travels in the desired direction to whatever length necessary. The drive units never let the spiral loose because of the holding property of the U-shaped pulleys.
2) An algorithm is developed for calculation of motion parameters of the spiral and the driving unit using data measured using a motion capture system. The experimental results concretely demonstrate their validity and applicability to experiment data.
3) In the SG model, the vertical offset angle β varied markedly with changing of the driving position on the spiral. The displacement L is slightly less than ℎ with the changing of , although the curves of Lof SG are smooth with good repeatability. The driving unit should hold around the middle part of the spiral to avoid causing larger offset angles β and γ.
4) In DG model, the offset angle β and γ of the spiral was kept within low fluctuation about 0°-6° even when affected by local-deformation of the spiral. The L curves follow almost straight lines as ℎ . The double grasper model and U-shaped pulleys contributed to the stable performance of the spiral. M1 M2 M3 Fig. 17 Displacement L in Y G -axis and twist angle θ gp of the driving point. The meaning of L th is the same as that in Fig. 13 . L variations at the changing of twist angle θ gp of the gripping point are plotted, respectively, with solid (blue, red, green) and dashed (blue, red, green) lines for forward and backward experimental results.
